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Background
Although herpes simplex viruses (HSV) are a major target for vaccine development no vaccine is currently licensed.

Methods
A live attenuated HSV virus vaccine, VC2 was compared to a subunit HSV vaccine, glycoprotein D (gD2) administered with the adjuvant, MPL/Alum using the guinea pig model of
genital herpes. Three doses of intramuscular (IM) vaccine were provided followed by intravaginal challenge with HSV-2 at either 3 weeks or six months after the last vaccination.

Results
Both VC2 and gD2 vaccines reduced acute genital disease. VC2 was somewhat more effective in reducing acute vaginal replication, the amount of virus in neural tissue, subsequent
recurrent disease and recurrent virus shedding following challenge at 3 weeks post vaccination. Both vaccines continued to provide protection at 6 months after vaccination but the differences between the vaccines became more pronounced in favor of the live attenuated
vaccine, VC2. Significant differences in acute disease, acute vaginal virus replication, recurrent disease and recurrent virus shedding (P<0.05 for each) was observed comparing the
vaccines. Re-examination of protection for this study using criteria similar to those used in
recent clinical trials (inclusion of recurrent disease) showed that efficacy may not be as high
in this model as previously thought prompting a need to assess the best predictive outcomes
for protection in humans.
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Conclusion
While both the live attenuated vaccine, VC2, and the gD2 subunit vaccine provided protection, the duration of protection appeared to be greater for VC2. Using the same evaluation
criteria as used in human trials provided unique insights into the utility of the guinea pig
model.

Introduction
Genital herpes infections remain a major target for vaccine development [1, 2]. The most
recent large trial of a herpes simplex virus type 2 (HSV-2) glycoprotein D (gD2) vaccine
showed that it was effective against HSV-1 genital disease and infection but not HSV-2 genital
disease or infection [3]. Thus, it appears that protection of the genital mucosa from HSV is
possible and since HSV-1 genital infections are more common than genital HSV-2 in some
areas [4, 5], this is a significant advance.
Animal models of genital HSV-2 infection including mice, rats and especially guinea pigs
are commonly used to evaluate potential vaccines [2, 6]. These models have been criticized
because protection is more easily achieved in animals than humans. However, the models differ from the clinical trials in several important ways. In most animal trials, high dose virus
challenge is performed at the peak of immune responses, i.e. about 2–4 weeks after vaccination
is completed [7–11] while in humans, subjects are followed for a year or more drastically
increasing the time the vaccine must provide protection. Further, in the guinea pig model, the
most common model used, protection from clinical disease is usually measured as prevention
from death or lesion development during the acute period after challenge (about 2 weeks post
challenge), while in clinical trials subjects are followed for years with the appearance of any
lesions defined as a failure of the vaccine to protect.
Most vaccines used today can be broadly categorized as live or killed. In general, killed vaccines, including killed whole virus and subunit vaccines, are considered safer but live attenuated vaccines are thought to provide more long-lived durable protection. In this report, we
compare two vaccines, a live attenuated HSV vaccine (VC2) [12–14] and a gD2 vaccine adjuvanted with MPL and alum [15, 16] which is similar to the vaccine used in the recent human
trial [3] using the guinea pig model of genital herpes. One group of animals was intravaginally
challenged with HSV-2 at 3 weeks and another group was challenged at 6 months after the last
dose of vaccine to provide insight into the duration of protection. Protection from clinical disease was evaluated by comparing disease during the acute period (2 weeks post challenge), as
is usually performed but we also evaluated protection over the entire period of observation (6
weeks post challenge), thus including animals that developed recurrent disease as is done in
HSV vaccine clinical trials.

Materials and methods
Animals
Female Hartley guinea pigs (250–350 g, 4–6 weeks of age) were obtained from Charles River
Breeding Laboratories (Wilmington, MA) and housed under AAALAC approved conditions
at Cincinnati Children’s Hospital Medical Center. The protocol was reviewed and approved by
the IACUC at Cincinnati Children’s Hospital Medical Center.
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Vaccines
The gD2 vaccine was prepared by R. Eisenberg and G. Cohen (University of Pennsylvania)
from Sf9 (Spodoptera frugiperda) cells infected with a recombinant baculovirus expressing gD2
(from HSV-2 strain 333) as previously described [16, 17]. Briefly, soluble gD2 (306) (truncated
at the transmembrane domain (aa 1–306) was purified from baculovirus-infected insect cells
(Sf9) as described previously [17]. For vaccine purification, the clarified and dialyzed medium
was passed over a column of MAb DL6 coupled to Sepharose 4B, washed with 0.1 M Tris-0.15
M saline, pH 7.5 (TS), eluted with 0.1 M ethanolamine, concentrated by using a YM3 membrane (Amicon), and dialyzed against phosphate-buffered saline (PBS). The Alum/MPL adjuvant combination contained 50 μg of MPL (Sigma–Aldrich Corp, St. Louis, MO) and 200 μg
of aluminum potassium sulfate (Sigma–Aldrich Corp, St. Louis, MO). To prepare the vaccine
preparation, the gD2 was absorbed onto the Alum and then combined with MPL.
The VC2 recombinant virus was constructed utilizing the twostep double-Red recombination protocol implemented on the cloned HSV-1(F) genome [18] in a bacterial artificial chromosome (BAC) plasmid [19], as we have described previously [20, 21]. The VC2 virus
contains two independent deletions; the gKD 31–68 deletion (37 amino acids (aa) in the
amino terminus of gK t and a deletion of the amino-terminal 19 aa (4–22) of the UL20 gene.
These two deletions are within domains that bind the amino and carboxyl terminal of gB rendering VC2 unable to enter via fusion of the viral envelope with cellular membranes[18, 22].
Next generation whole genome sequencing of VC2 revealed the presence of the gK (31-69aa)
and UL20 (4-22aa) sequences in the UL53(gK) and UL20 genes. In addition, side-by-side
sequencing and comparison to the HSV-1(F) parent sequence revealed the presence of 37
other nucleotide changes that did not result in amino acid changes [23].

Experimental design
For evaluation of the clinical and virologic effects of prophylactic vaccination, 72 guinea pigs
were randomized into three groups (N = 24/group): Group 1, Placebo: received no vaccine or
adjuvant (received 10% sucrose); Group 2, received VC2; Group 3, received gD2 MPL/Alum.
Animals were immunized IM in the upper thigh on days 63, 42 and 21 days prior to the 3 week
viral challenge.
For gD2, animals were immunized with 500 μl containing 5 μg of gD2 while VC2 was
administered at a dose of 1x106 plaque forming units (pfu). Half of each group was challenged
at 3 weeks after the last vaccine (standard challenge) and the other half, at 6 months after the
last vaccination (late challenge).
One day before each viral challenge, animals were bled by toenail clip and the serum stored
at -20˚C for evaluation of neutralizing antibodies. Animals were inoculated with the challenge
virus by rupturing the vaginal closure membrane with a moistened calcium alginate tipped
swab (Calgiswab #3, Spectrum Labs, Los Angeles, CA) and instilling 0.1 ml of a virus suspension containing 1x106 pfu of HSV-2 MS strain into the vaginal vault [15, 16]. Swab samples of
cervicovaginal secretions were collected on days 2, 4 and 6 post inoculation (PI) and stored
frozen (-80˚C) until assayed for virus on Vero cells grown in BME (Gibco-Invitrogen) and
10% FBS (Hyclone, Thermo Fisher Scientific).
Guinea pigs were evaluated daily and primary genital skin disease quantified using a lesion
score-scale ranging from 0 representing no disease to 4 representing severe vesiculoulcerative
skin disease of the perineum [24]. Following recovery from primary infection, animals were
examined daily from days 21–63 post each challenge for evidence of spontaneous recurrent
herpetic lesions [24]. The number of lesion days (days on which a recurrent lesion was
observed on the perineum) was recorded. Vaginal swabs were also obtained three days/week
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on days 21–63 post challenge to evaluate for recurrent virus shedding [15]. Swabs were stored
frozen (−80˚C) until they were processed for PCR analysis to determine the frequency of viral
shedding into the genital tract. At the end of the follow-up period for each challenge, the
guinea pigs were sacrificed, and the spinal cords and dorsal root ganglia (DRG) were harvested
aseptically. These tissues were stored frozen (−80˚C) until DNA was extracted from each animal for individual PCR evaluation of latent virus as previously described [25].

Neutralizing antibody assay
To measure neutralizing antibody, the serum was heat-inactivated and a series of two-fold
dilutions were prepared in titration medium as previously described [16]. HSV-2 MS strain
(600 pfu) was added to each dilution, incubated for one-hour, and then plated onto Vero cells.
After incubation for three days, the cells were stained. The final serum dilutions that produced
a 50% reduction in the number of viral plaques compared to wells with no serum was used as
the end-point. The end-point titer was calculated as the log10 of the dilution.

qPCR of HSV-2 DNA
Viral DNA levels in DRGs and spinal cords harvested at the end of each study and vaginal swab
samples collected between days 15–63 were determined [14, 26]. Briefly, DRG and spinal cords
were homogenized on ice in 500 μl of 2% FBS BME. DNA was isolated from 200 μl of the tissue
homogenates and vaginal swab media using QIAamp DNA Mini Kit (Qiagen #51306) according to the manufacturer’s protocol. The samples were incubated with Proteinase K for one hour
at 65˚C. Viral DNA was detected using primers specific for the HSV-2 gG gene yielding a 71 bp
DNA product. The primer sequences (Sigma-Aldrich,St Louis, MO) were:
Forward: 5’-CGG/AGA/CAT/TCG/AGT/ACC/AGA/TC-3’; Reverse: 5’-GCC/CAC/CTC/
TAC/CCA/CAA/CA-3’; and probe FAM-ACC/CAC/GTG/CAG/CTC/GCC/G-tamRA.
Each PCR reaction contained 50–100 ng of sample DNA, 50 μM of each primer, and 10 μL
of Taqman Gene Expression Master Mix (ABI). A Tam/Fam fluorescent dye was used, and the
PCR amplification was performed using a 7500 Fast Real-Time PCR system (ABI). Total volume of each sample was 20 μL. A standard curve was generated with 10-fold serial dilutions of
purified HSV-2 DNA (ATCC) containing 105 to 100 HSV-2 copies in 50 ng of uninfected
guinea pig DNA. The amplification program used included a pre-incubation step at 50˚C for 2
min and at 95˚C for 10 min, followed by 50 cycles consisting of a denaturation step at 95˚C for
15 sec, annealing at 60˚C for 1 min and elongation at 72˚C for 10 sec. The limit of detection of
the assay was between 100 to 101 copies. All samples which were negative for viral DNA were
diluted ten-fold and the PCR assay was repeated.

Statistics
For comparison of means, data were analyzed by ANOVA followed by a student’s t test comparison. The primary comparisons were placebo to each of the vaccines with a secondary analysis comparing each vaccine. Statistics were not adjusted for the multiple comparisons.
Incidence data were compared by Fisher’s exact test. All comparisons are two-tailed. Data is
presented as means and standard deviation.

Results
We have previously shown that both gD2 [15, 16] and VC2 [12, 14] vaccines effectively limit
acute virus replication, modify acute disease and decrease the number of subsequent recurrences. In this paper we extend our analysis to evaluate the duration of protection.
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Fig 1. Neutralizing antibody titers induced by vaccination with the live virus vaccine, VC2 or gD2 MPL/Alum at
either 3 weeks or 6 months after completion of a 3 dose series of IM vaccinations. Error bars are the standard
deviation (SD).
https://doi.org/10.1371/journal.pone.0213401.g001

Neutralizing antibody response
At 3 weeks post the third vaccination, prior to the standard challenge, neutralizing antibody
titers were detected in all vaccinated animals. A geometric meant titer (GMT) of 2.21 ± 0.58 in
the VC2 vaccinated animals and 1.99 ± 0.51 for the gD2 group was detected. (Fig 1). Titers
decreased slightly by 6 months, just prior to the delayed challenge to a GMT of 2.01 ± 0.29 for
the VC2 groups and 1.95 ± 0.39 for the gD2 group.

Standard virus challenge (3 weeks after the last dose of vaccine)
Similar to our previous studies [14–16], both VC2 and gD2 reduced acute genital disease to a
similar extent. Both significantly reduced the number of animals that developed any visual
lesions and the severity of the acute disease (P<0.001 for each compared to placebo (Table 1).
VC2 was somewhat more effective in reducing acute vaginal replication so that although significant (P<0.001) reductions were detected by both vaccines on days 2, and 6 compared to
the placebo group (day 6 presented in Table 1). VC2 reductions were significantly greater than
gD2 on days 2, 4 and 6 (P<0.03). Both vaccines also provided protection of the neural tissues
reducing the number of animals with virus detected (P<0.05) and the quantities in the DRG
(P<0.02) while only VC2 reduced the amount in the spinal cord (P<0.02). There were no significant difference between vaccines (Fig 2A–2C).
Subsequent recurrent disease was also reduced by both vaccines but VC2 further reduced
the number of days with recurrent lesions compared to gD2 (P = 0.03, Table 1). Recurrent vaginal virus shedding has been the most difficult manifestation of HSV-2 to affect in the model.
In this experiment, only VC2 reduced the number of days that HSV-2 was shed from the genital tract (P = 0.04, Fig 3A).

Delayed virus challenge (6 months after the last dose of vaccine)
Both vaccines continued to provide protection at 6 months after vaccination but the differences between the vaccines became more pronounced in favor of the live attenuated vaccine,
VC2. As seen in Table 1, both vaccines significantly reduced acute disease compared to the Placebo group with reductions in the number of animals with acute disease (P�0.005) and the
severity of the disease P<0.001), but the severity was lower for the VC2 compared to the gD2
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Table 1. Effect of vaccination on acute and recurrent genital HSV-2 infection in guinea pigs challenged intravaginally.
Group

3 week challenge

P value

6 month challenge

P value

Acute perioda
% acute disease

PL

93

gD2

40

0.005 vs. PL

93
40

0.005 vs. PL

VC2

33

0.002 VS. pl

07

< 0.001 vs. PL

1.0

0.08 vs. gD2

Acute severity score
PL

10.0 ± 6.7

gD2

1.0 ± 1.5

<0.001 vs. PL

9.1 ± 4.4
1.6 ±2.1

<0.001 vs. PL

VC2

0.8 ± 1.7

<0.001 vs. PL

0.3 ± 0.9

<0.001 vs. PL

0.73 vs. gD

0.04 vs. gD2

Vaginal virus Replication (day 6)
PL

2.9 ± 0.5

gD2

1.5 ± 0.7

<0.001 vs. Pl

3.3 ± 0.4
2.0 ± 0.7

<0.001 vs PL

VC2

1.0 ± 0.5

<0.001 vs. PL

1.0 ± 0.5

<0.001 vs PL

0.029 vs. gD

<0.001 vs gD2

Recurrent periodb
% recurrent disease
PL

93

gD2

67

0.17 vs,. PL

100
93

1.0 vs. PL

VC2

67

0.17 vs. PL

67

0.05 vs PL

1.0 vs. gD2

0.17 vs. gD2

Recurrent days
PL

14.4 ± 12.5

9.0 ± 5.5

.

gD2

3.2 ± 3.3

0.002 vs. PL

5.9 ± 3.7

0.09 vs PL

VC2

1.1 ± 1.0

0.001 vs. PL

1.9 ± 1.9

<0.001 vs. PL

0.03 vs. gD
a

0.001 vs. gD2

the acute period is the time form challenge to healing of the initial disease (days 1–14)

b

The recurrent period is from day 21 until the final observation on day 63.
Light grey highlights indicate significant differences vs. PL
Dark grey highlights indicate significant difference of VC2 vs. gD2

https://doi.org/10.1371/journal.pone.0213401.t001

group (P = 0.04). Similarly, vaginal virus titers were significantly reduced on days 2, 4 and 6
post challenge by each vaccine (P<,0.05 vs. Pl) but the reductions were significantly greater for
the VC2 vaccine compared to the gD2 vaccine at each time point (P<0.03, day 6 shown in
Table 1). Both vaccines also significantly reduced the number of animals with detectable viral
DNA (P<0.05 vs Pl) and the levels in the DRG and spinal cord (P<0.02). These reductions
were greater for VC2 although the differences were not significant comparing vaccines (Fig 2).
VC2 also provided a significantly greater reduction in recurrent disease (P = 0.05, Table 1)
compared to gD2. Further, only VC2 reduced the days with recurrent virus shedding compared to Placebo with a significant difference between VC2 and gD2 (P = 0.003, Fig 3B). Similarly, only VC2 reduced the number of animals with recurrent disease (Table 1).

Revaluation of protection
To further assess the protection provided by the two vaccines, we evaluated efficacy using the
definitions applied in the recent clinical trial [3], i.e. assessing lesion development over the
entire period of observation. As seen in Fig 4, there are marked differences in the level of
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Fig 2. Effects of vaccination on HSV-2 DNA levels in the DRG and spinal cords at the completion of the
observation period (day 63 post vaginal virus challenge). Panel A, levels in the DRG in the animals challenged at 3
weeks post vaccination, Panel B animals challenged at 6 months post vaccination, Panel C levels in the spinal cord in
animals challenged at 3 weeks post vaccination, Panel D animals challenged at 6 months post vaccination. The number
of animals with detectable virus DNA/total number animals evaluated are shown above each bar. Error bars are the
standard deviation (SD).
https://doi.org/10.1371/journal.pone.0213401.g002

Fig 3. Efficacy of vaccination against recurrent vaginal virus shedding. After recovery from acute disease vaginal
swabs were obtained three times per week to assess for HSV-2 shedding by qPCR. Panel A: shows the number of swabs
that were positive/the total number of swabs obtained in the groups challenged three weeks post vaccination. Panel B
shows the same data for the groups challenged six months after vaccination.
https://doi.org/10.1371/journal.pone.0213401.g003
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Fig 4. Efficacy of vaccination when evaluated against acute disease defined as development of genital lesions
within two weeks of vaginal virus challenge or against any genital lesions that were detected during the
observation period, seven weeks post vaginal virus challenge. The seven week observation includes recurrent lesions
that develop after recovery from the acute disease.
https://doi.org/10.1371/journal.pone.0213401.g004

protection against genital disease during the acute period vs. the entire period of observation.
While protection against genital lesions appears to be high during the acute period of observation, evaluation against lesion development over the entire period of observation is lower
(<30% for either vaccine).

Discussion
There is a general consensus that live vaccines offer more durable protection than killed or
subunit vaccines. However, there are more concerns for the safety of live vaccines. Live attenuated vaccines for viruses that can become latent are perhaps of even more concern because if
they persist there is always the possibility of reversion or recombination. Further, the recent
link between HSV and neurodegenerative diseases, such as Alzheimer’s [27, 28], raises the possibility of a persistent vaccine virus acting as a risk factor. Therefore, VC2 was chosen as a live
attenuated vaccine for these experiments as it was specifically designed to not enter nerve endings, reach the DRG or establish persistence [14, 29–31].
In the study presented here, the live attenuated vaccine, VC2, provided somewhat better
protection than the subunit gD2 MPL/Alum vaccine when the HSV-2 challenge was done at
the peak of the immune responses, 3 weeks after the third vaccination. Differences were
observed in the reduction of acute vaginal replication, protection of the neural tissues and perhaps most importantly recurrent disease and recurrent virus shedding, two endpoints that are
only available for study in the guinea pig model. When comparing protection provided at 6
month post vaccination, the differences between the two vaccines was even greater. VC2 provided more protection against acute disease, acute virus replication, virus levels in the neural
tissue as well as recurrent disease and recurrent virus shedding compared to gD2. Of note,
VC2 is based on the HSV-1(F) strain, and thus it is possible that a VC2 based vaccine expressing HSV-2 gD, or a similarly engineered live-attenuated HSV-2 VC2 vaccine may be even
more protective. It should It should be noted that the gD2 protein used in the human trials
was purified from the cell culture supernatant of CHO cells transfected with a truncated gD2
gene while the protein used in this and other[15, 16] guinea pig trials is derived from baculovirus-infected insect cells (Sf9), thus glycosylation will be different perhaps altering protective
immune responses
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In a previous experiment with delayed challenge at 6 months, there was no protection by
gD2 MPL/Alum following 2 subcutaneous doses of vaccine (Bernstein and Cardin, unpublished). In that experiment, neutralizing antibody responses were not detectable at the 6
month challenge time point while in the experiment reported here, neutralizing titers
decreased somewhat from their peak, but the GMT was still 2.01 ± 0.29 prior to the 6 month
challenge. In the large clinical trial of gD2 Alum/MPL, the neutralizing titer decreased from a
geometric mean concentration (95% CI) of 29.3 (26.3 to 32.7) to 6.9 (5.6 to 8.5) with a median
value that was undetectable by month 16 [3] making it more similar to our previous experience
with delayed challenge. Thus, despite the improved protection provided by gD2 MPL/Alum
seen in the current experiment, VC2 still provided significantly better protection compared to
gD2.
The guinea pig model of genital herpes mimics most aspects of acute and recurrent HSV
disease in humans. Thus, it provides many endpoints that can be used to compare vaccines as
we have shown in this manuscript. However, the model has been criticized because several vaccine including gD2 have provided protection in this model [7, 15, 32] but failed in clinical trials
[3]. We show here, that if the same criteria for protection are applied in the model, the gD2
vaccine has a similar lack of protection. Thus, if the development of lesions at any point during
the observation period, days 1–63, is used as criteria for success in the animals challenged 6
months after, vaccination the gD2 vaccine failed to provide protection. It should also be noted,
that if the serologic criteria that was used in the human clinical trial, i.e. the development of
antibody to HSV proteins other than gD are used in the guinea pig model, then over 50% of
animals without acute disease have serologic evidence of HSV infection and thus would be
assessed as vaccine failures [33]. However, when comparing protection, one should also consider that the challenge dose used in our model is almost assuredly more than occurs in
human transmission, where shedding is rarely at the level of 106 pfu [34, 35]. Thus, it is possible that complete vaccine protection can be overwhelmed in the models at these high challenge
doses.
Of importance, using the criteria applied in human trials to the VC2 vaccine reveals that
the vaccine was only minimally efficacious although it did provide better protection than gD2
MPL/Alum. It is unclear what criteria in the guinea pig model will best correlate to a successful
human vaccine and thus definitive criteria awaits further human trials. We would suggest that
at a minimum, vaccines should reduce acute disease, recurrences and perhaps infection of
neural tissues. Thus, VC2 would meet these criteria and therefore we believe that VC2 warrants further investigation in human trials.
In summary, we have shown that the live attenuated vaccine VC2 provided more protection
compared to a subunit gD2 MPL/Alum vaccine and that this difference became greater when
the challenge was delayed until 6 months after vaccination, suggesting a longer duration of
protection. Further, we provide evidence that when the same criteria that were used to evaluate
HSV vaccines in the human trials are applied to the evaluation in guinea pigs, the gD2 vaccine
also failed to provide protection. Identifying correlates of protection in animal models will
provide improved guidance for the development of an effective vaccine for HSV disease. Similarly, if correlates are identified in human trials these should be evaluated in the guinea pig
model and if reproduced, would further increase the utility of the model.

Supporting information
S1 File. NC3Rs ARRIVE guidelines checklist (fillable).pdf.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0213401 March 27, 2019

9 / 12

Comparing HSV-2 Vaccines in the guinea pig model of genital herpes

Acknowledgments
We are grateful to Toni Cunningham for assistance with manuscript preparation.

Author Contributions
Conceptualization: David I. Bernstein, Rhonda D. Cardin, Konstantin G. Kousoulas.
Data curation: David I. Bernstein, Rhonda D. Cardin, Derek A. Pullum, Fernando J. Bravo,
Konstantin G. Kousoulas, David A. Dixon.
Formal analysis: David I. Bernstein, Rhonda D. Cardin, Derek A. Pullum, Fernando J. Bravo.
Funding acquisition: David I. Bernstein, Rhonda D. Cardin.
Investigation: David I. Bernstein, Rhonda D. Cardin, Derek A. Pullum, Fernando J. Bravo,
Konstantin G. Kousoulas, David A. Dixon.
Methodology: David I. Bernstein, Rhonda D. Cardin, Konstantin G. Kousoulas.
Project administration: David I. Bernstein, Rhonda D. Cardin, Fernando J. Bravo.
Writing – original draft: David I. Bernstein.
Writing – review & editing: Rhonda D. Cardin, Derek A. Pullum, Fernando J. Bravo, Konstantin G. Kousoulas, David A. Dixon.

References
1.

Johnston C, Gottlieb SL, Wald A. Status of vaccine research and development of vaccines for herpes
simplex virus. Vaccine. 2016; 34(26):2948–52. https://doi.org/10.1016/j.vaccine.2015.12.076 PMID:
26973067.

2.

Awasthi S, Friedman HM. Status of prophylactic and therapeutic genital herpes vaccines. Current opinion in virology. 2014; 6:6–12. https://doi.org/10.1016/j.coviro.2014.02.006 PMID: 24631871.

3.

Belshe RB, Leone PA, Bernstein DI, Wald A, Levin MJ, Stapleton JT, et al. Efficacy results of a trial of a
herpes simplex vaccine. N Engl J Med. 2012; 366(1):34–43. https://doi.org/10.1056/NEJMoa1103151
PMID: 22216840; PubMed Central PMCID: PMCPMC3287348.

4.

Bernstein DI, Bellamy AR, Hook EW 3rd, Levin MJ, Wald A, Ewell MG, et al. Epidemiology, clinical presentation, and antibody response to primary infection with herpes simplex virus type 1 and type 2 in
young women. Clin Infect Dis. 2013; 56(3):344–51. https://doi.org/10.1093/cid/cis891 PMID: 23087395;
PubMed Central PMCID: PMC3540038.

5.

Roberts CM, Pfister JR, Spear SJ. Increasing proportion of herpes simplex virus type 1 as a cause of
genital herpes infection in college students. Sexually transmitted diseases. 2003; 30(10):797–800.
https://doi.org/10.1097/01.OLQ.0000092387.58746.C7 PMID: 14520181.

6.

Dropulic LK, Cohen JI. The challenge of developing a herpes simplex virus 2 vaccine. Expert Rev Vaccines. 2012; 11(12):1429–40. https://doi.org/10.1586/erv.12.129 PMID: 23252387; PubMed Central
PMCID: PMCPMC3593236.

7.

Bourne N, Bravo FJ, Francotte M, Bernstein DI, Myers MG, Slaoui M, et al. Herpes simplex virus (HSV)
type 2 glycoprotein D subunit vaccines and protection against genital HSV-1 or HSV-2 disease in guinea
pigs. J Infect Dis. 2003; 187(4):542–9. Epub 2003/02/25. https://doi.org/10.1086/374002 PMID:
12599070.

8.

Diaz F, Gregory S, Nakashima H, Viapiano MS, Knipe DM. Intramuscular delivery of replication-defective herpes simplex virus gives antigen expression in muscle syncytia and improved protection against
pathogenic HSV-2 strains. Virology. 2018; 513:129–35. https://doi.org/10.1016/j.virol.2017.10.011
PMID: 29069622; PubMed Central PMCID: PMCPMC5715658.

9.

Hoshino Y, Dalai SK, Wang K, Pesnicak L, Lau TY, Knipe DM, et al. Comparative efficacy and immunogenicity of replication-defective, recombinant glycoprotein, and DNA vaccines for herpes simplex virus
2 infections in mice and guinea pigs. J Virol. 2005; 79(1):410–8. https://doi.org/10.1128/JVI.79.1.410418.2005 PMID: 15596834; PubMed Central PMCID: PMCPMC538700.

10.

Awasthi S, Mahairas GG, Shaw CE, Huang ML, Koelle DM, Posavad C, et al. A Dual-Modality Herpes
Simplex Virus 2 Vaccine for Preventing Genital Herpes by Using Glycoprotein C and D Subunit Antigens To Induce Potent Antibody Responses and Adenovirus Vectors Containing Capsid and Tegument

PLOS ONE | https://doi.org/10.1371/journal.pone.0213401 March 27, 2019

10 / 12

Comparing HSV-2 Vaccines in the guinea pig model of genital herpes

Proteins as T Cell Immunogens. J Virol. 2015; 89(16):8497–509. https://doi.org/10.1128/JVI.01089-15
PMID: 26041292; PubMed Central PMCID: PMCPMC4524253.
11.

Bernstein DI, Miller RL, Harrison CJ. Adjuvant effects of imiquimod on a herpes simplex virus type 2 glycoprotein vaccine in guinea pigs. J Infect Dis. 1993; 167(3):731–5. Epub 1993/03/01. PMID: 8382722.

12.

Stanfield BA, Stahl J, Chouljenko VN, Subramanian R, Charles AS, Saied AA, et al. A single intramuscular vaccination of mice with the HSV-1 VC2 virus with mutations in the glycoprotein K and the membrane protein UL20 confers full protection against lethal intravaginal challenge with virulent HSV-1 and
HSV-2 strains. PLoS One. 2014; 9(10):e109890. https://doi.org/10.1371/journal.pone.0109890 PMID:
25350288; PubMed Central PMCID: PMCPMC4211657.

13.

Stanfield BA, Pahar B, Chouljenko VN, Veazey R, Kousoulas KG. Vaccination of rhesus macaques with
the live-attenuated HSV-1 vaccine VC2 stimulates the proliferation of mucosal T cells and germinal center responses resulting in sustained production of highly neutralizing antibodies. Vaccine. 2017; 35
(4):536–43. Epub 2016/12/27. https://doi.org/10.1016/j.vaccine.2016.12.018 PMID: 28017425.

14.

Bernstein DI, Pullum DA, Cardin R, Bravo FJ, Dixon D, Konstantin G, et al. Evaluation of VC2, a live
attenuated HSV vaccine, in the guinea pig model of genital herpes. in press.

15.

Bernstein DI, Farley N, Bravo FJ, Earwood J, McNeal M, Fairman J, et al. The adjuvant CLDC increases
protection of a herpes simplex type 2 glycoprotein D vaccine in guinea pigs. Vaccine. 2010; 28
(21):3748–53. https://doi.org/10.1016/j.vaccine.2009.10.025 PMID: 19857450; PubMed Central
PMCID: PMCPMC2862079.

16.

Bernstein DI, Earwood JD, Bravo FJ, Cohen GH, Eisenberg RJ, Clark JR, et al. Effects of herpes simplex virus type 2 glycoprotein vaccines and CLDC adjuvant on genital herpes infection in the guinea pig.
Vaccine. 2011; 29(11):2071–8. https://doi.org/10.1016/j.vaccine.2011.01.005 PMID: 21238569;
PubMed Central PMCID: PMC3082315.

17.

Sisk WP, Bradley JD, Leipold RJ, Stoltzfus AM, Ponce de Leon M, Hilf M, et al. High-level expression
and purification of secreted forms of herpes simplex virus type 1 glycoprotein gD synthesized by baculovirus-infected insect cells. J Virol. 1994; 68(2):766–75. Epub 1994/02/01. PMID: 8289380; PubMed
Central PMCID: PMC236513.

18.

Saied AA, Chouljenko VN, Subramanian R, Kousoulas KG. A replication competent HSV-1(McKrae)
with a mutation in the amino-terminus of glycoprotein K (gK) is unable to infect mouse trigeminal ganglia
after cornea infection. Curr Eye Res. 2014; 39(6):596–603. Epub 2014/01/10. https://doi.org/10.3109/
02713683.2013.855238 PMID: 24401006.

19.

Tanaka M, Kagawa H, Yamanashi Y, Sata T, Kawaguchi Y. Construction of an excisable bacterial artificial
chromosome containing a full-length infectious clone of herpes simplex virus type 1: viruses reconstituted
from the clone exhibit wild-type properties in vitro and in vivo. J Virol. 2003; 77(2):1382–91. https://doi.org/
10.1128/JVI.77.2.1382-1391.2003 PMID: 12502854; PubMed Central PMCID: PMCPMC140785.

20.

Chouljenko VN, Iyer AV, Chowdhury S, Chouljenko DV, Kousoulas KG. The amino terminus of herpes
simplex virus type 1 glycoprotein K (gK) modulates gB-mediated virus-induced cell fusion and virion
egress. J Virol. 2009; 83(23):12301–13. Epub 2009/10/02. https://doi.org/10.1128/JVI.01329-09 PMID:
19793812; PubMed Central PMCID: PMCPMC2786757.

21.

Lee HC, Chouljenko VN, Chouljenko DV, Boudreaux MJ, Kousoulas KG. The herpes simplex virus type
1 glycoprotein D (gD) cytoplasmic terminus and full-length gE are not essential and do not function in a
redundant manner for cytoplasmic virion envelopment and egress. J Virol. 2009; 83(12):6115–24. Epub
2009/04/10. https://doi.org/10.1128/JVI.00128-09 PMID: 19357164; PubMed Central PMCID:
PMCPMC2687392.

22.

Chouljenko VN, Iyer AV, Chowdhury S, Kim J, Kousoulas KG. The herpes simplex virus type 1 UL20
protein and the amino terminus of glycoprotein K (gK) physically interact with gB. J Virol. 2010; 84
(17):8596–606. Epub 2010/06/25. https://doi.org/10.1128/JVI.00298-10 PMID: 20573833; PubMed
Central PMCID: PMCPMC2919038.

23.

Kim IJ, Chouljenko VN, Walker JD, Kousoulas KG. Herpes simplex virus 1 glycoprotein M and the membrane-associated protein UL11 are required for virus-induced cell fusion and efficient virus entry. J
Virol. 2013; 87(14):8029–37. Epub 2013/05/17. https://doi.org/10.1128/JVI.01181-13 PMID: 23678175;
PubMed Central PMCID: PMCPMC3700202.

24.

Stanberry LR, Bernstein DI, Burke RL, Pachl C, Myers MG. Vaccination with recombinant herpes simplex virus glycoproteins: protection against initial and recurrent genital herpes. J Infect Dis. 1987; 155
(5):914–20. Epub 1987/05/01. PMID: 3031173.

25.

Bernstein DI, Bravo F, Pullum DA, Shen H, Wang M, Rahman A, et al. Efficacy of N-methanocarbathymidine against genital herpes simplex virus type 2 shedding and infection in guinea pigs. Antivir Chem
Chemother. 2015; 24:19–27. https://doi.org/10.1177/2040206614566581 PMID: 26149263

26.

Bernstein DI, Cardin RD, Bravo FJ, Earwood J, Clark JR, Li Y, et al. Topical SMIP-7.7, a toll-like receptor 7 agonist, protects against genital herpes simplex virus type-2 disease in the guinea pig model of

PLOS ONE | https://doi.org/10.1371/journal.pone.0213401 March 27, 2019

11 / 12

Comparing HSV-2 Vaccines in the guinea pig model of genital herpes

genital herpes. Antivir Chem Chemother. 2012. Epub 2012/12/13. https://doi.org/10.3851/IMP2499
PMID: 23232327.
27.

Harris SA, Harris EA. Herpes Simplex Virus Type 1 and Other Pathogens are Key Causative Factors in
Sporadic Alzheimer’s Disease. J Alzheimers Dis. 2015; 48(2):319–53. https://doi.org/10.3233/JAD142853 PMID: 26401998; PubMed Central PMCID: PMCPMC4923765.

28.

Itzhaki RF, Lathe R. Herpes Viruses and Senile Dementia: First Population Evidence for a Causal Link.
J Alzheimers Dis. 2018; 64(2):363–6. https://doi.org/10.3233/JAD-180266 PMID: 29889070.

29.

Musarrat F, Jambunathan N, Rider PJF, Chouljenko VN, Kousoulas KG. The Amino Terminus of Herpes Simplex Virus 1 Glycoprotein K (gK) Is Required for gB Binding to Akt, Release of Intracellular Calcium, and Fusion of the Viral Envelope with Plasma Membranes. J Virol. 2018; 92(6). Epub 2018/01/13.
https://doi.org/10.1128/JVI.01842-17 PMID: 29321326; PubMed Central PMCID: PMCPMC5827371.

30.

David AT, Baghian A, Foster TP, Chouljenko VN, Kousoulas KG. The herpes simplex virus type 1
(HSV-1) glycoprotein K(gK) is essential for viral corneal spread and neuroinvasiveness. Curr Eye Res.
2008; 33(5):455–67. Epub 2008/06/24. https://doi.org/10.1080/02713680802130362 PMID: 18568883.

31.

David AT, Saied A, Charles A, Subramanian R, Chouljenko VN, Kousoulas KG. A herpes simplex virus
1 (McKrae) mutant lacking the glycoprotein K gene is unable to infect via neuronal axons and egress
from neuronal cell bodies. MBio. 2012; 3(4):e00144–12. Epub 2012/07/26. https://doi.org/10.1128/
mBio.00144-12 PMID: 22829677; PubMed Central PMCID: PMCPMC3413403.

32.

Hoshino Y, Pesnicak L, Dowdell KC, Burbelo PD, Knipe DM, Straus SE, et al. Protection from herpes
simplex virus (HSV)-2 infection with replication-defective HSV-2 or glycoprotein D2 vaccines in HSV-1seropositive and HSV-1-seronegative guinea pigs. J Infect Dis. 2009; 200(7):1088–95. https://doi.org/
10.1086/605645 PMID: 19702506; PubMed Central PMCID: PMC3826825.

33.

Bernstein DI, Ashley RL, Stanberry LR, Myers MG. Detection of asymptomatic initial herpes simplex
virus (HSV) infections in animals immunized with subunit HSV glycoprotein vaccines. J Clin Microbiol.
1990; 28(1):11–5. Epub 1990/01/01. PMID: 2153698; PubMed Central PMCID: PMCPMC269528.

34.

McNicholl JM, Leelawiwat W, Whitehead S, Hanson DL, Evans-Strickfaden T, Cheng CY, et al. Self-collected genital swabs compared with cervicovaginal lavage for measuring HIV-1 and HSV-2 and the
effect of acyclovir on viral shedding. International journal of STD & AIDS. 2017; 28(4):372–9. https://doi.
org/10.1177/0956462416650123 PMID: 27179350; PubMed Central PMCID: PMCPMC5315198.

35.

Phipps W, Nakku-Joloba E, Krantz EM, Selke S, Huang ML, Kambugu F, et al. Genital Herpes Simplex
Virus Type 2 Shedding Among Adults With and Without HIV Infection in Uganda. J Infect Dis. 2016; 213
(3):439–47. https://doi.org/10.1093/infdis/jiv451 PMID: 26486633; PubMed Central PMCID:
PMCPMC4704673.

PLOS ONE | https://doi.org/10.1371/journal.pone.0213401 March 27, 2019

12 / 12

